MS is a complex immune-mediated disease that is believed to arise in genetically susceptible individuals together with environmental factors such as viral infections, vitamin D deficiency, or smoking that promote or may even trigger autoimmunity.^[@R1][@R2][@R3]^ More recently, there have also been speculations on an important role of the gut in this process.^[@R4]^ Dysregulation of the gut microbiome may induce autoimmune responses at different sites, including the central nervous system (CNS).^[@R5][@R6][@R8]^

These insights are mainly derived from animal models of MS. Studies in experimental autoimmune encephalomyelitis (EAE) in mice showed that alterations in the gut microbiome induced by dietetic modifications to antibiotic ablation were associated with immunologic changes and influenced the severity of the disease.^[@R5],[@R9]^ In this process, intestinal dendritic cells (DCs) appear to play a critical role as they act as antigen-presenting cells and are crucial in maintaining immune tolerance by interaction with numerous intestinal antigens.^[@R10]^ Lamina propria DCs (LPDCs) transport bacterial antigens and products to the mesenteric lymph nodes, where the balance between tolerance of the commensal microbiota and surveillance of invading pathogenic bacteria is tightly regulated.^[@R11],[@R12]^ This critical function is further underlined by the ability of DCs to induce regulatory T cells (Tregs) and therefore maintain or establish immune tolerance.^[@R13]^ In particular, the CD103+ DC subtype is vital for the differentiation of Tregs, which is believed to exhibit tolerogenic properties in mice and humans.^[@R14],[@R15]^ Tregs have been implicated in the protection against CNS demyelination in mice, and their expansion has been reported to occur in gut mucosa and draining lymph nodes of EAE-protected germ-free mice.^[@R16],[@R17]^

All these processes are tightly regulated by a complex interplay of the gut flora, dietary intake, and mucosal immune cells.^[@R5],[@R9],[@R18]^ In this context, short-chain fatty acids (SCFAs) have been suggested to play a pivotal role, and murine CNS demyelination was inhibited by peroral treatment with propionate through expansion of intestinal Tregs.^[@R19]^ Other studies underline the role of SCFAs, especially acetate, butyrate, and propionate in mediating regulatory intestinal immune responses. Treg homeostasis has, thereby, been shown to be dependent on the presence and extent of SCFAs produced by commensal bacteria in mice. Moreover, SCFAs endow DCs with an enhanced ability to induce the differentiation of Tregs.^[@R18],[@R20],[@R21]^ Recently, oral propionate administration also resulted in expanded peripheral Treg counts in patients with MS.^[@R22]^

On the basis of these data, we hypothesized that corresponding changes in immune cells of the gut mucosa and in SCFAs should also be present in patients with MS. We speculated to find lower numbers of DCs, in particular CD103+ DCs in the colon mucosa of patients with MS, which might be associated with fewer Tregs. To minimize confounding influences, we focused on patients without disease-modifying treatment in the early stage of MS.

METHODS {#s1}
=======

Patients and controls. {#s1-1}
----------------------

Between 2013 and 2014, we consecutively recruited patients from the MS outpatient clinic of the Department of Neurology, Medical University of Graz for this cross-sectional study who were interested in our research question including the results of a colonic biopsy. Inclusion criteria were as follows: (1) early MS as evidenced by a clinically isolated syndrome (CIS) suggestive of MS or relapsing-remitting MS within the first year after diagnosis,^[@R23]^ (2) age between 18 and 60 years, and (3) informed consent. Exclusion criteria were as follows: (1) a known gastrointestinal pathology, (2) previous or ongoing disease-modifying treatment of MS, (3) evidence for a concomitant other autoimmune disease, (4) gastrointestinal infection during the last 2 months before endoscopy, (5) a steroid pulse \<30 days before endoscopy, (6) antibiotic therapy during the last month before endoscopy, (7) clinically relevant coagulopathy, (8) Expanded Disability Status Scale (EDSS) ≥7, (9) severe infectious disease, (10) alcohol or drug abuse, and (11) history of a prior technically impossible colonoscopy. As controls, we included healthy individuals (recruited between 2013 and 2014 from the Department of Gastroenterology and Hepatology, Medical University of Graz) meeting the following inclusion criteria: (1) age between 18 and 60 years, (2) screening colonoscopy for colorectal cancer due to age, positive family history, or patient request, and (3) informed consent. The exclusion criteria were identical to those of the patients with CIS/MS. None of the controls had signs of an acute illness or received any long-term medication.

Ileocolonoscopy and isolation of LP mononuclear cells. {#s1-2}
------------------------------------------------------

Ileocolonoscopy was performed with standard equipment (Olympus, Hamburg, Germany) in sedated subjects. Tissue specimens were obtained by forceps biopsy. Biopsies were separately taken from the proximal (cecum and ascending colon) and distal (descending and sigmoid colon) colon during the retraction of the colonoscope to investigate possible differences of colonic immune cells related to colonic compartments.^[@R24]^ Colonic biopsy specimens were immediately preserved in chilled Roswell Park Memorial Institute (RPMI) medium (Sigma-Aldrich, St. Louis, MO; supplemented with penicillin, streptomycin, and amphotericin). Biopsies were washed once with calcium- and magnesium-free Hanks balanced salt solution (HBSS) (Life Technologies, Vienna, Austria) and then incubated in calcium- and magnesium-free HBSS containing 1 mM dithiothreitol and 5 mM EDTA at 37°C for 20 minutes with gentle agitation to remove mucus and epithelial cells. Following a brief wash with calcium- and magnesium-free HBSS, tissue was digested with 1 mg/mL Collagenase A (Roche, Basel, Switzerland) and 5 U/mL DNase I (Roche) in HBSS at 37°C for 60 minutes on a shaker and mechanically disrupted by gentle pipetting. Complete dissociation was verified by visual inspection. After passing through a 70-μm cell strainer, the released cells were washed twice with RPMI complete medium (containing 10% fetal calf serum \[FCS\] and 1% penicillin/streptomycin) and finally resuspended in RPMI complete medium. The cell suspension was kept on ice until further analysis.

Flow cytometry. {#s1-3}
---------------

Mucosal immune cell subsets were characterized by FACS analysis as previously described ([figure 1](#F1){ref-type="fig"}).^[@R25],[@R26]^ The cell suspension was washed once with staining buffer (phosphate-buffered saline containing 3% FCS and 2 mM EDTA), and the cells were stained with 100 μL staining buffer for 20 minutes at room temperature in the dark. For enumeration of LPDCs, directly labeled monoclonal antibodies for the following markers were used: lin (lineage) 1-FITC (CD3, CD14, CD16, CD19, CD20, CD56, and CD34), HLA-DR-PerCP-Cy5.5, CD11c-APC, and CD103-PE. LPDCs were identified as lin1-/HLADR+ cells. For determination of Tregs, anti-CD3-APC-Cy7, anti-CD4-V450, anti-CD8-FITC, anti-CD25-PE, and anti-CD127-Alexa Fluor 647 antibodies were used. With the exception of CD103-PE (eBioscience, San Diego, CA), all antibodies were purchased from BD Bioscience (San Jose, CA). FMO (fluorescence minus one) controls were used to set the boundaries for gating of positively stained cells. After the staining reaction, the cells were washed once with staining buffer and resuspended in 100 μL staining buffer. For the exclusion of dead cells, propidium iodide was added to the samples immediately before acquisition on an LSR II (BD Bioscience) flow cytometer. The data files were analyzed using FlowJo (FlowJo, LLC, Ashland, OR) software.

![FACS analysis of colonic mucosal DCs and Tregs\
Colonic specimens were obtained separately from the proximal and distal colon, and lamina propria mononuclear cells were isolated. (A) DCs were identified as live single cells that stain negatively for lin (lineage) 1 markers (CD3, CD14, CD16, CD19, CD20, CD56, and CD34) and positively for HLA-DR. CD103-positive DCs were gated out of the DC population. (B) Tregs were identified as live single cells that stain positively for CD3, CD4, and CD25 markers and negatively for CD127. DC = dendritic cell; FACS = fluorescence-activated cell sorting; Treg = regulatory T cells.](NEURIMMINFL2016011999FF1){#F1}

Gas chromatography-electron impact-mass spectrometry (GC-EI/MS) of SCFAs. {#s1-4}
-------------------------------------------------------------------------

SCFAs previously investigated in animal studies to study cellular immune reactions (acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric acid, and valeric acid) were extracted from stool frozen at −80°C.^[@R18][@R19][@R20]^ SCFA concentrations were measured by GC-MS equipped with a polyethylene glycol (PEG) DB-WAXetr (30 m; 0.25 mm ID; 0.25 μm film) column. SCFAs were extracted from feces by sequential addition of 1 mL phosphoric acid (0.5%) and 1 mL methyl tert-butyl ether, 10 minutes shaking, 10 minutes centrifugation, and removal of the upper organic layer. Before extraction, 100 nmol of [d]{.smallcaps}-acetic acid, [d]{.smallcaps}-propionic acid, [d]{.smallcaps}-butyric acid, and [d]{.smallcaps}-valeric acid were added as internal standards. Calibration curves by stable isotope dilution were performed from 0.1 to 2,000 μM for acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric acid, and valeric acid. A 7890B/5977A MSD GC-MS (Agilent Technologies, Waldbronn, Germany) equipped with a PEG DB-WAXetr (30 m; 0.25 mm ID; 0.25 μm film) column was used. Helium was used as carrier gas at 1.3 mL/min in splitless mode at 250°C injector temperature. The initial oven temperature of 60°C was held for 2 minutes, and then the temperature first was ramped up to 150°C at a rate of 15°C/min. This was followed by a ramp of 5°C/min up to 170°C and 20°C/min up to 250°C, where the temperature was held for another 2 minutes. The mass spectrometer was run in EI mode, where the fatty acids were detected in selected ion monitoring mode on m/z 60, 63, 73, 74, 76, 79, and 80. The source temperature was set to 250°C, and the transfer line temperature was 280°C. Data analysis was performed by MassHunter (Agilent Technologies).

Statistics. {#s1-5}
-----------

Statistical analyses were performed using SPSS 22 (IBM Corp., Armonk, NY) and GraphPad Prism (GraphPad Software, Inc., La Jolla, CA). Values are presented as number (%), mean (SD), or median (interquartile range \[IQR\]) as appropriate. For the comparison of categorical variables, we applied Fisher exact test. Group differences of continuous variables were determined by Mann-Whitney *U* test or *t* test depending on non-Gaussian and Gaussian data distribution. Boxplots are depicted according to Tukey. Correlation analyses were performed using Spearman rank correlation coefficient (ρ).

Standard protocol approvals, registrations, and patient consents. {#s1-6}
-----------------------------------------------------------------

All individuals signed informed consent before study inclusion. The study was approved by the local institutional review board (IRB no. IRB00002556), vote 25-287 ex 12/13.

RESULTS {#s2}
=======

Patients and controls. {#s2-1}
----------------------

Over a period of 10 months, we screened consecutive patients for the respective inclusion and exclusion criteria, and 15 (10 with a CIS) consented to the study. Their mean age was 35 (SD 7) years. Eight of the fifteen patients were women, and the interval between first symptoms and colonoscopy was 0.5 years. Median EDSS^[@R27]^ was 2 (IQR 1.0--2.0) at the time of colonoscopy. As controls, we included 10 healthy individuals, with a mean age of 44 (SD 13) years, who were scheduled for screening colonoscopy during the same period. This group consisted of 6 men and 4 women ([table](#T1){ref-type="table"}).

###### 

Clinical and demographic data of 15 MS-p and 10 healthy controls (Ctrl) included in the study

![](NEURIMMINFL2016011999TT1)

DCs and Tregs in the colon mucosa. {#s2-2}
----------------------------------

Using FACS analysis, we explored the number of total DCs (defined as lin1-/HLADR+ cells), CD103+ DCs, and CD4+25+127--Tregs in the mucosa of the proximal and distal colon. No differences between patients with CIS/MS and controls were observed in the proximal colon ([figure 2, A and B](#F2){ref-type="fig"}). Patients with CIS/MS had significantly fewer overall DCs and CD103+ DCs in the distal colon compared with controls (total DCs: 3.0 \[2.2--3.8\] vs 5.0 \[3.6--6.3\], *p* = 0.019 \[‰ of living cells\] and 255 \[93--381\] vs 404 \[335--592\], *p* = 0.026 \[absolute numbers\]; CD103+ DCs: 1.4 \[0.9--1.8\] vs 2.5 \[1.4--3.1\], *p* = 0.036 \[‰ of living cells\] and 114 \[38--174\] vs 183 \[124--303\], *p* = 0.048 \[absolute numbers\], [figure 2, C and D](#F2){ref-type="fig"}).

![Reduction of mucosal DCs in the distal colon of MS-p\
DC numbers from the proximal (A and B) and distal (C and D) colon, see central scheme. (A and B) No significant differences in the number of total and CD103+ DCs were found in the proximal colon of MS-p compared with controls (Ctrl). (C and D) In the distal colon, significant reductions of total and CD103+ DCs were observed in MS-p compared with Ctrl (total DCs: 3.0 \[2.2--3.8\] vs 5.0 \[3.6--6.3\], *p* = 0.019 \[‰ of living cells\] and 255 \[93--381\] vs 404 \[335--592\], *p* = 0.026 \[absolute numbers\]; CD103+ DCs: 1.4 \[0.9--1.8\] vs 2.5 \[1.4--3.1\], *p* = 0.036 \[‰ of living cells\] and 114 \[38--174\] vs 183 \[124--303\], *p* = 0.048 \[absolute numbers\]) (median \[Q1--Q3\]; Mann-Whitney *U* test or *t* test to compare non-Gaussian and Gaussian variables. Boxplots according to Tukey). DC = dendritic cell; MS-p = patients with MS.](NEURIMMINFL2016011999FF2){#F2}

Furthermore, significant reductions of Tregs in patients with CIS/MS were likewise only observed in the distal colon (Tregs: 3.1 \[1.3--3.7\] vs 4.7 \[3.4--6.1\], *p* = 0.032 \[‰ of living cells\] and 153 \[83--205\] vs 226 \[136--510\], *p* = 0.023 \[absolute numbers\], [figure 3, A--D](#F3){ref-type="fig"}). Levels of CD4^+^, CD8^+^ T cells (figure e-1, A--D at [Neurology.org/nn](10.1212/NXI.0000000000000362)), and natural killer cells (figure e-2, A--D) did not differ between patients with CIS/MS and controls.

![Reduction of mucosal Tregs in the distal colon of MS-p\
Treg numbers from the proximal (A and B) and distal (C and D) colon, see central scheme. (A and B) No significant differences in the number of Tregs were found in the proximal colon of MS-p compared with controls (Ctrl). (C and D) In the distal colon, significant reductions of Tregs were observed in MS-p compared with Ctrl (Tregs: 3.1 \[1.3--3.7\] vs 4.7 \[3.4--6.1\], *p* = 0.032 \[‰ of living cells\] and 153 \[83--205\] vs 226 \[136--510\], *p* = 0.023 \[absolute numbers\]) (median \[Q1--Q3\]; Mann-Whitney *U* test or *t* test to compare non-Gaussian and Gaussian variables. Boxplots according to Tukey). MS-p = patients with MS; Treg = regulatory T cells.](NEURIMMINFL2016011999FF3){#F3}

As we observed a significant age difference between patients with CIS/MS and controls, we calculated the correlations between age and total DCs, CD103+ DCs, and Tregs. Significant (negative) correlations were observed between age and Tregs in both compartments (proximal Tregs: *p* = 0.048, ρ = −0.461; distal Tregs: *p* = 0.029, ρ = −0.489, figure e-3, A--C). Correlations between age and total DCs (proximal: *p* = 0.949, ρ = −0.013; distal: *p* = 0.155, ρ = 0.299) and CD103+DCs (proximal: *p* = 0.668, ρ = −0.092; distal: *p* = 0.093, ρ = 0.351) remained not significant.

SCFA levels in fecal samples. {#s2-3}
-----------------------------

High-performance liquid chromatography (HPLC) was used to assess levels of SCFAs in fecal samples obtained at the time of ileocolonoscopy and showed that total SCFA content as well as acetate and butyrate levels of patients with CIS/MS were significantly reduced by 50%--60% compared with control stools. Propionate and valerate were also reduced in patients with CIS/MS, but this difference did not reach statistical significance ([figure 4](#F4){ref-type="fig"}). The order of absolute abundances of single SCFAs was similar in patients with CIS/MS and controls (acetate \> propionate \> butyrate \> valerate \> isovalerate \> isobutyrate).

![Decreased SCFA levels in fecal samples of MS-p\
(A--C) Fecal samples were analyzed by HPLC. SCFA contents are shown in order of their absolute quantity in μmol/g (total \> acetate \> propionate \> butyrate \> valerate \> isovalerate \> isobutyrate). A significant reduction in MS-p (gray) vs controls (white) was found in total SCFA (252 \[148--354\] vs 121 \[82--162\]; *p* = 0.017), acetate (180 \[85--227\] vs 70 \[45--96\]; *p* = 0.025), and butyrate contents (33 \[18--48\] vs 14 \[8--21\]; *p* = 0.018). Trends were observed in propionate (*p* = 0.084) and valerate contents (*p* = 0.075) (median \[Q1--Q3\]; Mann-Whitney *U* test or *t* test to compare non-Gaussian and Gaussian variables. Boxplots according to Tukey). HPLC = high-performance liquid chromatography; MS-p = patients with MS; SCFA = short-chain fatty acid.](NEURIMMINFL2016011999FF4){#F4}

DISCUSSION {#s3}
==========

This study demonstrates changes in the immune constitution of the intestinal mucosa of untreated patients with early MS when compared with control biopsies. Immuncytologic findings consisted of a reduced number of total DCs and of the CD103+ DC subset in the mucosa of the distal colon and were paralleled by a simultaneous reduction of the number of mucosal Tregs in the same colonic region. These findings provide strong evidence for a regional immuneregulatory deficiency of the colonic mucosa in patients with CIS/MS and strengthen a role of the gut in MS. Inhomogeneous pathologies along the colon are also seen clinically in other immune-mediated diseases (e.g., ulcerative colitis and Crohn disease).^[@R28]^ Moreover, the proximal and distal colon have been shown to differ in embryologic origin, gene-expression patterns, gene-methylation status, microbiota load, and microbiota metabolic activity (e.g., SCFAs).^[@R29][@R30][@R31]^ In addition, mucosal DC subsets differ between the proximal and distal colon of healthy individuals.^[@R24]^ Altogether, these findings suggest a concept of colonic immune compartmentalization which may well explain our different observations in the proximal and distal colon. Although the causes of the observed regional differences are not clear, altered amounts of bacterial metabolites along the colon may be of relevance.^[@R31]^

We also found a decrease of the total SCFA content as well as of acetate and butyrate levels accompanied by trends toward lower levels of propionate and valerate in stools of early MS patients compared with controls. These observations were hitherto not made in humans and could suggest a concept where changes of mucosal immune cells may be linked to reduced levels of certain bacterial metabolites in the colon of patients with MS. Propionate has been shown to be the most potent Treg inducer in vitro, and oral gavage ameliorated CNS demyelination in mice.^[@R19]^ Propionate levels were lower in our patients with MS although not to a significant extent. However, this may have been due to the small sample size. Otherwise we observed significantly lower levels of acetate and butyrate in patients with MS than controls, which have been shown to potently induce colonic Tregs in mice as well. It could, therefore, be speculated that their decrease may be of greater clinical relevance in patients with MS than that of propionate, although this interpretation again needs great caution because of the few individuals investigated. To what extent this reduction is a consequence of specific microbial alterations or of dietary intake is yet unclear. Of interest, food patterns compatible with western lifestyle have been proposed to increase the incidence of MS, and fecal microbiota disturbances have been reported to occur in patients with MS compared with healthy controls.^[@R32][@R33][@R34]^ In turn, adherence to a Mediterranean diet elevated butyrate, acetate, and propionate levels in healthy individuals.^[@R35]^ Thus, dietary factors may promote dysregulation of mucosal immune cells through an altered intestinal microenvironment. Diet, substrate availability, and synthesis capacities of bacteria may potentially contribute to the amounts of intestinal SCFAs, and therefore constitute potential explanations for the reduction of SCFAs in patients with MS.^[@R31]^ However, this certainly needs further investigation.

Our findings in humans also support immunologic models hitherto only described in animals with EAE, which postulated that luminal SCFA content impacts on the regulatory capacity of mucosal DCs and the formation of the colonic Treg pool.^[@R18],[@R19],[@R36]^ Based on our data, one may hypothesize that lower SCFA content (especially acetate and butyrate) together with a reduced number of total and tolerogenic DCs may trigger a quantitative impairment of Tregs in the distal colon of patients with MS. These alterations are also likely to impact on a systemic level, as changes in the lymphatic immune system in mice could be observed after manipulation of the intestinal ecosystem. Thereby, activation of CD103+ DCs in cervical lymph nodes played a major role in attenuating CNS autoimmunity.^[@R16]^ Of interest, a recent report provides evidence for the CNS lymphatic system communicating with deep cervical lymph nodes.^[@R37]^ Because the lymphatic system is known to communicate throughout the whole body, information from the intestinal lymphatic system may also reach the CNS.^[@R37],[@R38]^ In this context, T cells have already been shown to gain autoreactive function in extracerebral tissues such as the lungs and to migrate to the CNS transgressing the blood-brain barrier.^[@R39]^ The concept of extracerebral immune-cell alterations at mucosal sites may, therefore, be supported by our data and warrants further mechanistic investigation regarding the gut in patients with MS.

In this study, we solely focused on patients with early MS and therefore we do not know if observed changes in the colonic mucosa may further increase with more advanced disease, which needs to be acknowledged as a limitation of the study. This study design also prohibited a more close matching of patients and controls. However, our analysis of the effect of age on Tregs indicates that the significantly higher age of controls should have led to an underestimation rather than an overestimation of observed differences. We also defined a large number of exclusion criteria to avoid any systematic bias. Nevertheless, participating individuals may not have been fully representational of patients with CIS/MS and healthy individuals in general, which needs to be acknowledged as another possible limitation. Our findings thus will need to be replicated by further studies. Future studies on a larger number of patients should also allow us to probe potential associations of immunologic changes in the colonic mucosa with clinical and radiologic findings. It is also important to stress that our findings in the colon of patients with CIS/MS cannot serve to establish a causal relationship with their CNS disease. The immunologic changes observed could also just mirror a more general immune dysregulation of such patients. Furthermore, a suggested interplay between the changes in immune cells of the distal colon and content in SCFAs has to remain speculative as our observations are based on cross-sectional data. These important points also need to be addressed in future studies.

Altogether, our findings extend and substantiate previous speculations on a disturbed immune milieu in the colon of patients with MS and support the possibility of a role of the colonic microenvironment in the immunopathogenesis of MS. Once confirmed, our observations could give rise to test if therapeutic interventions that modulate the colonic SCFA profile or the colonic Treg pool can modify the course of MS.^[@R40]^

Supplemental data at [Neurology.org/nn](10.1212/NXI.0000000000000362)
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CIS
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CNS
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